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(57)  In this semiconductor device 100, a trench 104
is formed on the upper surface of a n-type semiconductor
layer 102 laminated on a semiconductor substrate 101,
a Schottky junction with a metal 106 is formed on the
upper surface of an n-type region 102A forming one side
surface S3 of the trench, and a pn junction is formed on

FIG.8

the upper surface of an n-type region 102 forming the
other side surface S2 of the trench. The pn junction is
formed by a junction between the n-type region and the
p-type semiconductor layer 103A crystal-grown via epi-
taxial growth on the upper surface of the n-type region
forming the other side surface.
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Description
TECHNICAL FIELD

[0001] The present disclosure relates to a semicon-
ductor device and a method of manufacturing a semicon-
ductor device.

BACKGROUND ART

[0002] Conventionally, asdescribed in JP H11-8399A,
in a known semiconductor device, a Schottky junction
and a pn junction are formed in parallel on both sides of
atrench. The pn junction is formed by introducing p-type
impurities into an n-type semiconductor layer by an ion
implantation method or the like.

SUMMARY OF INVENTION
TECHNICAL PROBLEM

[0003] Ion implantation technique may not be suffi-
ciently established in the future for specific semiconduc-
tor materials like next-generation device materials (such
as GaN and SiC). In cases where such materials are
selected, it is difficult to form a p-type region accurately
in a desired range using the ion implantation technique.
[0004] In asemiconductor device using a trench struc-
ture, to form a pn junction by introducing p-type impurities
into an n-type semiconductor layer, the pn junction is
formed at a position deeper than a surface of the n-type
semiconductor layer. The pnjunctionis closer to a bottom
of the trench. When a reverse voltage is applied, an elec-
tric field is concentrated on the pnjunction and the bottom
of the trench. Since portions on which the electric field is
concentrated when the reverse voltage is applied are
close, voltage endurance against reverse voltage appli-
cation tends to decrease.

SOLUTION TO PROBLEM

[0005] According to an aspect of the present disclo-
sure, a semiconductor device includes:

atrench on anupperface of an n-type semiconductor
layer layered on a semiconductor substrate;

a Schottky junction on an upper face of an n-type
region located on a side of one lateral side of the
trench; and

a pn junction on an upper face of an n-type region
located on a side of another lateral side of the trench,
wherein the pn junction is a junction between:

a p-type semiconductor layer having crystals
grown by epitaxial growth on the upper face of
the n-type region located on the side of the other
lateral side; and

the n-type region.

10

15

25

30

35

40

45

50

55

[0006] According to another aspect of the present dis-
closure, a method of manufacturing a semiconductor de-
vice includes:

a trench forming step of forming a trench on an upper
face of an n-type semiconductor layer layered on a
semiconductor substrate;

a Schottky junction forming step of forming a
Schottky junction on an upper face of a portion which
is an n-type region forming one lateral side of the
trench; and

a pn junction forming step of forming a pn junction
on an upper face of a portion which is an n-type re-
gion forming another lateral side of the trench,
wherein, in the pn junction forming step, crystals of
a p-type semiconductor layer are grown by epitaxial
growth on the upper face of the portion which is the
n-type region forming the other lateral side.

BRIEF DESCRIPTION OF DRAWINGS
[0007]

FIG. 1 is a schematic cross-sectional view for ex-
plaining a first embodiment of the disclosure.

FIG. 2 is a schematic cross-sectional view for ex-
plaining the first embodiment and a second embod-
iment of the disclosure.

FIG. 3 is a schematic cross-sectional view for ex-
plaining the first and second embodiments of the dis-
closure.

FIG. 4 is a schematic cross-sectional view for ex-
plaining the first and second embodiments of the dis-
closure.

FIG. 5 is a schematic cross-sectional view for ex-
plaining the first and second embodiments of the dis-
closure.

FIG. 6 is a schematic cross-sectional view for ex-
plaining the first and second embodiments of the dis-
closure.

FIG. 7 is a schematic cross-sectional view for ex-
plaining the first and second embodiments of the dis-
closure.

FIG. 8 is a schematic cross-sectional view for ex-
plaining the first and second embodiments of the dis-
closure.

FIG. 9 is a schematic cross-sectional view for ex-
plaining a third embodiment of the disclosure.

FIG. 10 is a schematic cross-sectional view for ex-
plaining the third embodiment of the disclosure.
FIG. 11 is a schematic cross-sectional view for ex-
plaining the third embodiment of the disclosure.
FIG. 12 is a schematic cross-sectional view for ex-
plaining the third embodiment of the disclosure.
FIG. 13 is a schematic cross-sectional view for ex-
plaining the third embodiment of the disclosure.
FIG. 14 is a schematic cross-sectional view for ex-
plaining the third embodiment of the disclosure.
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FIG. 15 is a schematic cross-sectional view for ex-
plaining the third embodiment of the disclosure.
FIG. 16 is a schematic cross-sectional view for ex-
plaining a fourth embodiment of the disclosure.
FIG. 17 is a schematic cross-sectional view for ex-
plaining the fourth embodiment of the disclosure.
FIG. 18 is a schematic cross-sectional view for ex-
plaining the fourth embodiment of the disclosure.
FIG. 19 is a schematic cross-sectional view for ex-
plaining the fourth embodiment of the disclosure.
FIG. 20 is a schematic cross-sectional view for ex-
plaining the fourth embodiment of the disclosure.
FIG. 21 is a schematic cross-sectional view for ex-
plaining the fourth embodiment of the disclosure.
FIG. 22 is a schematic cross-sectional view for ex-
plaining the fourth embodiment of the disclosure.
FIG. 23 is a schematic cross-sectional view for ex-
plaining a fifth embodiment of the disclosure.

FIG. 24 is a schematic cross-sectional view for ex-
plaining the fifth embodiment of the disclosure.
FIG. 25 is a schematic cross-sectional view for ex-
plaining the fifth embodiment of the disclosure.
FIG. 26 is a schematic cross-sectional view for ex-
plaining the fifth embodiment of the disclosure.
FIG. 27 is a schematic cross-sectional view for ex-
plaining the fifth embodiment of the disclosure.
FIG. 28 is a schematic cross-sectional view for ex-
plaining the fifth embodiment of the disclosure.
FIG. 29 is a schematic cross-sectional view for ex-
plaining the fifth embodiment of the disclosure.
FIG. 30 is a schematic cross-sectional view for ex-
plaining the fifth embodiment of the disclosure.
FIG. 31 is a schematic cross-sectional view for ex-
plaining another embodiment.

FIG. 32 is a schematic cross-sectional view for ex-
plaining another embodiment.

FIG. 33 is a graph showing change in a forward cur-
rent density with respect to a forward voltage.

FIG. 34 is a graph showing change in a reverse cur-
rent with respect to a reverse voltage.

DESCRIPTION OF EMBODIMENTS

[0008] Embodiments of the present disclosure will be
described below with reference to the figures.

FIRST EMBODIMENT

[0009] First, a semiconductor device and a method of
manufacturing the semiconductor device according to a
first embodiment will be described.

MANUFACTURE METHOD

[0010] The semiconductor device is manufactured as

follows.
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STEP 1

[0011] First, crystals of a p-type semiconductor layer
103 are grown by epitaxial growth on an upper face of
an n-type semiconductor layer 102 layered on a semi-
conductor substrate 101 in FIG. 1. Thus, the p-type sem-
iconductor layer 103 containing p-type impurities is lay-
ered by epitaxial growth. The semiconductor substrate
101 is n-type and has a higher concentration. The n-type
semiconductor layer 102 has a lower concentration.

[0012] The p-type semiconductor layer 103 is formed
at regions including a region to be a trench, a region to
be a Schottky junction, and a region to be a pn junction.

STEP 2

[0013] Next, as shown in FIG. 2, the p-type semicon-
ductor layer 103 is removed by known selective etching
at the region to be the trench and the region to be the
Schottky junction. The p-type semiconductor layer 103A,
which is a device element, remains.

[0014] As described above, a pn junction between the
n-type semiconductor layer 102 and the p-type semicon-
ductor layer 103A is formed (pn junction forming step).
[0015] A lateral side S1 of the p-type semiconductor
layer 103A is an upper part of another lateral side (pn
junction side) of the trench.

STEP 3

[0016] Next, as shown in FIG. 3, trenches 104 are
formed by digging the n-type semiconductor layer 102
by known selective etching. The n-type region 102A
which is a convex between the trenches 104, 104 is a
portion on which a Schottky junction is formed. A lateral
side S2 of the n-type region 102B forming a pn junction
with a lower face of the p-type semiconductor layer 103A
is a lower part of the other lateral side (pn junction side)
of the trench 104. A lateral side S3 of the n-type region
102A is one lateral side (Schottky junction side) of the
trench 104.

[0017] Steps 2 to 3 constitute a trench forming step.
Steps 1 to 2 constitute the pn junction forming step in
which the pn junction is formed on an upper face of the
portion (102B) which is the n-type region forming the oth-
er lateral side S2 of the trench 104.

STEP 4
[0018] Next, as shown in FIG. 4, an insulating film 105
is formed by depositing an insulating material on an entire
upper surface in a chemical vapor deposition method or
the like.
STEP 5

[0019] Next, the insulating film 105 is etched by a
known selective etching as shown in FIG. 5. The upper
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face of the n-type region 102A and an upper face of the
p-type semiconductor layer 103A are opened and ex-
posed.

STEP 6

[0020] Next, as shown in FIG. 6, a metal 106 is formed
on the upper face of the n-type region 102A. The upper
face of the n-type region 102A and the metal 106 form a
Schottky junction. Thus, a Schottky junction forming step
of forming the Schottky junction on the upper face of the
portion (102A) which is the n-type region forming the one
lateral side S3 of the trench 104 is performed.

[0021] As shown in FIG. 6, a metal 107 is formed on
the upper face of the p-type semiconductor layer 103A.
The upper face of the p-type semiconductor layer 103A
and the metal 107 form an ohmic contact.

[0022] Formation of the Schottky junction and forma-
tion of the ohmic contact can be performed regardless
of order.

[0023] Materials of the metals 106, 107 may be differ-
ent or the same. The metals 106, 107 of the same ma-
terials may be formed at once.

STEP 7

[0024] Next, as shown in FIG. 7, an anode electrode
metal 108 connected to the metals 106, 107 is formed.
Polysilicon may be embedded in the trench 104 before
the anode electrode metal 108 is formed.

STEP 8

[0025] Next, as shown in FIG. 8, a cathode electrode
metal 109 is formed on a lower face of the semiconductor
substrate 101.

[0026] The method of manufacturing the semiconduc-
tor device described above achieves the following ad-
vantageous effects.

[0027] The pnjunction can be formed by growing crys-
tals of the p-type semiconductor layer 103A by epitaxial
growth. Even in a case where a semiconductor material
(such as GaN and SiC) for which the ion implantation
technique has not been sufficiently established is select-
ed, itis easy to form the p-type semiconductor layer 103A
accurately in a desired range.

[0028] A concentration of p-type impurities during epi-
taxial growth is controlled such that the concentration of
p-type impurities in the p-type semiconductor layer 103A
is large and the layer is thin. It shortens process time and
reduces manufacture cost.

[0029] A concentration of impurities in a semiconduc-
tor layer formed by epitaxial growth is more likely to be
uniform than that of a semiconductor layer formed by
annealing after ion implantation.
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SEMICONDUCTOR DEVICE

[0030] For example, as shown in FIG. 8, a semicon-
ductor device 100 that can be manufactured in the above
manufacturing method includes the semiconductor sub-
strate 101, the n-type semiconductor layer 102, the p-
type semiconductor layer 103A, the trench 104, the in-
sulating film 105, the metal 106 forming the Schottky junc-
tion, the metal 107 forming the ohmic contact, the anode
electrode metal 108, and the cathode electrode metal
109.

[0031] The semiconductor device 100 is a diode in
which the Schottky junction between the upper face of
the n-type region 102A and the metal 106 and the pn
junction between the n-type region 102B and the p-type
semiconductor layer 103A are arranged in parallel be-
tween the anode electrode metal 108 and the cathode
electrode metal 109. It is also called an MPS (Merged
PiN Schottky) diode.

[0032] The semiconductor device 100 has a structure
in which:

the trenches 104 are formed on the upper face of
the n-type semiconductor layer 102 layered on the
semiconductor substrate 101;
the Schottky junction is formed on the upper face of
the n-type region 102A forming one lateral side S3
of the trench 104; and
the pn junction is formed on an upper face of the n-
type region 102B forming the other lateral side S2
of the trench 104.
[0033] The pn junction is a junction between:
the p-type semiconductor layer 103A having crystals
grown by epitaxial growth on the upper face of the
n-type region 102B forming the other lateral side S2;
and
the n-type region 102B.

[0034] The pnjunction formed on the upper face of the
n-type region 102B is located at the same height as the
Schottky junction formed on the upper face of the n-type
region 102A.

[0035] Regarding semiconductor materials, materials
of the n-type semiconductor layer 102 and the p-type
semiconductor layer 103A include GaN.

[0036] Alternatively, materials of the n-type semicon-
ductor layer 102 and the p-type semiconductor layer
103A include one of SiC (silicon carbide), diamond,
Ga203 (gallium oxide), and AIN (aluminum nitride).
[0037] The semiconductor device 100 described
above achieves the following advantageous effects.
[0038] Since an electric field is concentrated on the
insulating film 105 at a bottom of the trench 104 when a
reverse voltage is applied, voltage endurance is high.
[0039] Since holes are injected from the p-type semi-
conductor layer 103A, resistance is low at the time of
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forward bias.

[0040] Since the p-type semiconductor layer 103A re-
duces a reverse leakage current, loss is smaller.
[0041] The pn junction between the p-type semicon-
ductor layer 103A and the n-type region 102B is located
above a bottom of the trench 104. The pn junction and
the bottom of the trench (insulating film 105) are portions
on which an electric field is concentrated when a reverse
voltage is applied. A distance between the pn junction
and the bottom of the trench increases by an amount
they are separated in a vertical direction (layer thickness
direction). It reduces electric field concentration and im-
proves voltage endurance against application of a re-
verse voltage. A distance in the vertical direction (layer
thickness direction) between the pn junction and the bot-
tom of the trench can be easily controlled by changing a
depth (etching depth in Step 3) of the bottom of the trench
104 with respect to the upper face of the n-type region
102B. Desired effect of improved voltage endurance can
be easily achieved.

SECOND EMBODIMENT

[0042] Next, a method of manufacturing a semicon-
ductor device of a second embodiment will be described.
[0043] Inthe manufacture method of the embodiment,
Steps 1 to 2 in the first embodiment are replaced with
the methods described below. Except for that, the same
steps as those shown in FIGS. 2 to 8 are carried out. A
semiconductor device with the same structure is manu-
factured.

[0044] In the embodiment, a region to be a pn junction
is selected in the pn junction forming step. Crystals of
the p-type semiconductor layer 103A (FIG. 2) are grown
by epitaxial growth. That is, crystals of the p-type semi-
conductor layer 103A are grown by epitaxial growth using
a pattern mask which opens in regions for forming the p-
type semiconductor layer 103A. Therefore, the state in
FIG. 2 is achieved without Step 1.

[0045] As described above, use of selective epitaxial
growth simplifies process and reduces manufacture cost.

THIRD EMBODIMENT

[0046] Next, a semiconductor device and a method of
manufacturing a semiconductor device according to a
third embodiment will be described.

MANUFACTURE METHOD

[0047]
follows.

The semiconductor device is manufactured as

STEP B1

[0048] First, as shown in FIG. 9, a region to be a pn
junction on an upper face of an n-type semiconductor
layer 202 layered on a semiconductor substrate 201 is
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selected. The region is dug by known selective etching.
Thus, a recess 202D is formed. The semiconductor sub-
strate 201 is n-type and has a higher concentration. The
n-type semiconductor layer 202 has a lower concentra-
tion.

STEP B2

[0049] Next, the recess 202D is selected, and crystals
of the p-type semiconductor layer 203 are grown by epi-
taxial growth (pn junction forming step). That is, the p-
type semiconductor layer 203 containing P-type impuri-
ties is layered in the recess 202D by epitaxial growth
using a pattern mask which opens above the recess
202D. The pattern mask is removed to obtain the struc-
ture in FIG. 10. After removing the pattern mask, smooth-
ing may be performed. In the smoothing, surfaces are
polished such that levels of an upper face of the n-type
semiconductor layer 202 and an upper face of the p-type
semiconductor layer 203 are matched.

STEP B3

[0050] Next, as shown in FIG. 11, trenches 204 are
formed by digging the n-type semiconductor layer by
known selective etching (trench forming step). An n-type
region 202A which is a convex between the trenches
204, 204A is a portion on which a Schottky junction is
formed.

[0051] A lateral side S1 of the p-type semiconductor
layer 203 is an upper part of another lateral side (pn junc-
tion side) of the trench. A lateral side S2 of the n-type
region 202B forming a pn junction with a lower face of
the p-type semiconductor layer 203 is a lower part of the
other lateral side (pn junction side) of the trench 204. A
lateral side S3 of the n-type region 202A is one lateral
side (Schottky junction side) of the trench 204.

STEP B4

[0052] Next, as shown in FIG. 12, an insulating film
205 is formed by depositing an insulating material on an
entire upper surface in achemical vapor deposition meth-
od or the like.

STEP B5

[0053] Next, the insulating film 205 is etched by known
selective etching as shown in FIG. 13. The upper face of
the n-type region 202A and an upper face of the p-type
semiconductor layer 203 are opened and exposed.

STEP B6

[0054] Next, asshowninFIG. 14, ametal 206 is formed
on the upper face of the n-type region 202A. The upper
face of the n-type region 202A and the metal 206 form a
Schottky junction. Thus, a Schottky junction forming step
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of forming the Schottky junction on the upper face of the
portion (202A) which is the n-type region forming one
lateral side S3 of the trench 204 is performed.

[0055] As shown in FIG. 14, a metal 207 is formed on
the upper face of the p-type semiconductor layer 203.
The upper face of the p-type semiconductor layer 203
and the metal 207 form an ohmic contact.

[0056] Formation of the Schottky junction and forma-
tion of the ohmic contact can be performed regardless
of order.

[0057] Materials of the metals 206, 207 may be differ-
ent or the same. The metals 206, 207 of the same ma-
terials may be formed at once.

STEP B7

[0058] Next, as shown in FIG. 15, an anode electrode
metal 208 connected to the metals 206, 207 is formed.
Polysilicon may be embedded in the trench 204 before
the anode electrode metal 208 is formed.

STEP B8

[0059] On the other hand, as shown in FIG. 15, a cath-
ode electrode metal 209 is formed on a lower face of the
semiconductor substrate 201.

[0060] The method of manufacturing the semiconduc-
tor device described above achieves the following ad-
vantageous effects.

[0061] The pnjunction can be formed by growing crys-
tals of the p-type semiconductor layer 203 by epitaxial
growth. Even in a case where a semiconductor material
(such as GaN and SiC) for which the ion implantation
technique has not been sufficiently established is select-
ed, it is easy to form the p-type semiconductor layer 203
accurately in a desired range.

[0062] A concentration of p-type impurities during epi-
taxial growth is controlled such that the concentration of
p-type impurities in the p-type semiconductor layer 203
is large and the layer is thin. It shortens process time and
reduces manufacture cost.

[0063] The upper face of the n-type region 202A and
the upper face of the p-type semiconductor layer 203 can
be aligned at the same height. Difference between
amounts of layered metals 206, 207, etc. due to different
surface heights need not be considered. Burden in proc-
esses is reduced, and the yield is increased.

SEMICONDUCTOR DEVICE

[0064] For example, as shown in FIG. 15, a semicon-
ductor device 200 that can be manufactured by the above
manufacture method includes the semiconductor sub-
strate 201, the n-type semiconductor layer 202, the p-
type semiconductor layer 203, the trench 204, the insu-
lating film 205, the metal 206 forming the Schottky junc-
tion, the metal 207 forming the ohmic contact, the anode
electrode metal 208, and the cathode electrode metal
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209.

[0065] The semiconductor device 200 is a diode in
which the Schottky junction between the upper face of
the n-type region 202A and the metal 206 and the pn
junction between the n-type region 202B and the p-type
semiconductor layer 203 are arranged in parallel be-
tween the anode electrode metal 208 and the cathode
electrode metal 209. It is also called an MPS (Merged
PiN Schottky) diode.

[0066] The semiconductor device 200 has a structure
in which:

the trenches 204 are formed on the upper face of
the n-type semiconductor layer 202 layered on the
semiconductor substrate 201;
the Schottky junction is formed on the upper face of
the n-type region 202A forming one lateral side S3
of the trench 204; and
the pn junction is formed on an upper face of the n-
type region 202B forming the other lateral side S2
of the trench 204.
[0067] The pn junction is a junction between:
the p-type semiconductor layer 203 having crystals
grown by epitaxial growth on the upper face of the
n-type region 202B forming the other lateral side S2;
and
the n-type region 202B.

[0068] The pnjunction formed on the upper face of the
n-type region 202B is located at a lower level than the
Schottky junction formed on the upper face of the n-type
region 202A. The Schottky junction formed on the upper
face of the n-type region 202A is located at the same
height as the upper face of the p-type semiconductor
layer 203.

[0069] Regarding the semiconductor material, materi-
als of the n-type semiconductor layer 202 and the p-type
semiconductor layer 203 include GaN.

[0070] Alternatively, materials of the n-type semicon-
ductor layer 202 and the p-type semiconductor layer 203
include one of SiC, diamond, Ga203, and AIN.

[0071] The semiconductor device 200 described
above achieves the following advantageous effects.
[0072] Since an electric field is concentrated on the
insulating film 205 at a bottom of the trench 204 when a
reverse voltage is applied, voltage endurance is high.
[0073] Since holes are injected from the p-type semi-
conductor layer 203, resistance is low at the time of for-
ward bias.

[0074] Since the p-type semiconductor layer 203 re-
duces a reverse leakage current, loss is smaller.

[0075] The pn junction between the p-type semicon-
ductor layer 203 and the n-type region 202B is located
above a bottom of the trench 204. The pn junction and
the bottom of the trench (insulating film 205) are portions
on which an electric field is concentrated when a reverse
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voltage is applied. A distance between the pn junction
and the bottom of the trench increases by an amount
they are separated in a vertical direction (layer thickness
direction). It reduces electric field concentration and im-
proves voltage endurance against application of a re-
verse voltage. A distance in the vertical direction (layer
thickness direction) between the pn junction and the bot-
tom of the trench can be easily controlled by changing a
depth (difference between an etching depth in Step B3
and an etching depth in Step B1) of the bottom of the
trench 204 with respect to the upper face of the n-type
region 202B. Desired effect of improved voltage endur-
ance can be easily achieved.

FOURTH EMBODIMENT

[0076] Next, a semiconductor device and a method of
manufacturing a semiconductor device according to a
fourth embodiment will be described.

MANUFACTURE METHOD

[0077]
follows.

The semiconductor device is manufactured as

STEP C1

[0078] First, as shown in FIG. 16, a p-type semicon-
ductor layer 303 is formed on an upper face of an n-type
semiconductor layer 302 layered on a semiconductor
substrate 301 (pn junction forming step). A method for
forming the p-type semiconductor layer 303 is selective
epitaxial growth as in the second embodiment. The sem-
iconductor substrate 301 is n-type and has a higher con-
centration. The n-type semiconductor layer 302 has a
lower concentration.

STEP C2

[0079] In the same manner of selective epitaxial
growth, as shown in FIG. 17, a region to be a Schottky
junction is selected, and crystals of an n-type semicon-
ductor layer 302C are grown.

STEP C3

[0080] Next,asshowninFIG. 18, the trenches 304 are
formed by digging the n-type semiconductor layer 302
by known selective etching. Step C1, Step C2, and Step
C3 constitute a trench forming step. The n-type region
302A between the trenches 304, 304 is a portion on which
an n-type semiconductor layer 302C is layered.

[0081] A lateral side S1 of the p-type semiconductor
layer 303 is an upper part of another lateral side (pn junc-
tion side) of the trench. A lateral side S2 of an n-type
region 302B forming a pn junction with a lower face of
the p-type semiconductor layer 303 is a lower part of the
other lateral side (pn junction side) of the trench 304. A
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lateral side S3 of the n-type region 302A is a lower part
of one lateral side (Schottky junction side) of the trench
304. A lateral side S4 of the n-type semiconductor layer
302C is an upper part of the one lateral side (Schottky
junction side) of the trench 304.

STEP C4

[0082] Next, as shown in FIG. 19, an insulating film
305 is formed by depositing an insulating material on an
entire upper surface by a chemical vapor deposition
method or the like.

STEP C5

[0083] Next, the insulating film 305 is etched by known
selective etching as shown in FIG. 20. An upper face of
the n-type semiconductor layer 302C and an upper face
of the p-type semiconductor layer 303 are opened and
exposed.

STEP C6

[0084] Next, asshowninFIG.21,ametal 306 is formed
on the upper face of the n-type semiconductor layer
302C. The upper face of the n-type semiconductor layer
302C and the metal 306 form a Schottky junction. Thus,
a Schottky junction forming step of forming the Schottky
junction on the upper face of the portion (302A, 302C)
which is an n-type region forming one lateral side S3, S4
of the trench 304 is performed.

[0085] As shownin FIG. 21, a metal 307 is formed on
the upper face of the p-type semiconductor layer 303.
The upper face of the p-type semiconductor layer 303
and the metal 307 form an ohmic contact.

[0086] Formation of the Schottky junction and forma-
tion of the ohmic contact can be performed regardless
of order.

[0087] Materials of the metals 306, 307 may be differ-
ent or the same. The metals 306, 307 of the same ma-
terials may be formed at once.

STEP C7

[0088] Next, as shown in FIG. 22, an anode electrode
metal 308 connected to the metals 306, 307 is formed.
Polysilicon may be embedded in the trench 304 before
the anode electrode metal 308 is formed.

STEP C8

[0089] Onthe other hand, as shownin FIG. 22, a cath-
ode electrode metal 309 is formed on a lower face of the
semiconductor substrate 301.

[0090] The method of manufacturing a semiconductor
device described above achieves the following advanta-
geous effects.

[0091] The pn junction can be formed by growing crys-
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tals of the p-type semiconductor layer 303 by epitaxial
growth. Even in a case where a semiconductor material
(such as GaN and SiC) for which the ion implantation
technique has not been sufficiently established is select-
ed, it is easy to form the p-type semiconductor layer 303
accurately in a desired range.

[0092] A concentration of p-type impurities during epi-
taxial growth is controlled such that the concentration of
p-type impurities in the p-type semiconductor layer 303
is large and the layer is thin. It shortens process time and
reduces manufacture cost.

[0093] The upperface of the n-type semiconductor lay-
er 302C and the upper face of the p-type semiconductor
layer 303 can be aligned at the same height. Difference
between amounts of layered metals 306, 307, etc. due
to different surface heights need not be considered. Bur-
den in processes is reduced, and the yield is increased.
[0094] The number of processes in etching is less than
that of the third embodiment by one. It reduces manu-
facture cost.

SEMICONDUCTOR DEVICE

[0095] For example, as shown in FIG. 22, a semicon-
ductor device 300 that can be manufactured by the above
manufacturing method includes the semiconductor sub-
strate 301, the n-type semiconductor layers 302, 302C,
the p-type semiconductor layer 303, the trench 304, the
insulating film 305, the metal 306 forming the Schottky
junction, the metal 307 forming the ohmic contact, the
anode electrode metal 308, and the cathode electrode
metal 309.

[0096] The semiconductor device 300 is a diode in
which the Schottky junction between the upper face of
the n-type region 302C and the metal 306 and the pn
junction between the n-type region 302B and the p-type
semiconductor layer 303 are arranged in parallel be-
tween the anode electrode metal 308 and the cathode
electrode metal 309. It is also called an MPS (Merged
PiN Schottky) diode.

[0097] The semiconductor device 300 has a structure
in which:

the trenches 304 are formed on the upper face of
the n-type semiconductor layers 302, 302C layered
on the semiconductor substrate 301;
the Schottky junction is formed on the upper face of
the n-type region 302A, 302C forming the one lateral
side S3, S4 of the trench 304; and
the pn junction is formed on an upper face of the n-
type region 302B forming the other lateral side S2
of the trench 304.
[0098] The pn junction is a junction between:
the p-type semiconductor layer 303 having crystals
grown by epitaxial growth on the upper face of the
n-type region 302B forming the other lateral side S2;
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and
the n-type region 302B.

[0099] The pnjunction formed on the upper face of the
n-type region 302B is located at a lower level than the
Schottky junction formed on the upper face of the n-type
semiconductor layer 302C. The Schottky junction formed
on the upper face of the n-type semiconductorlayer 302C
is located at the same height as the upper face of the p-
type semiconductor layer 303.

[0100] Regarding the semiconductor material, materi-
als of the n-type semiconductor layers 302, 302C and
the p-type semiconductor layer 303 include GaN.
[0101] Alternatively, materials of the n-type semicon-
ductor layers 302, 302C and the p-type semiconductor
layer 303 include one of SiC, diamond, Ga203, and AIN.
[0102] The semiconductor device 300 described
above achieves the following advantageous effects.
[0103] Since an electric field is concentrated on the
insulating film 305 at a bottom of the trench 304 when a
reverse voltage is applied, voltage endurance is high.
[0104] Since holes are injected from the p-type semi-
conductor layer 303, resistance is low at the time of for-
ward bias.

[0105] Since the p-type semiconductor layer 303 re-
duces a reverse leakage current, loss is smaller.

[0106] The pn junction between the p-type semicon-
ductor layer 303 and the n-type region 302B is located
above a bottom of the trench 304. The pn junction and
the bottom of the trench (insulating film 305) are portions
on which an electric field is concentrated when a reverse
voltage is applied. A distance between the pn junction
and the bottom of the trench increases by an amount
they are separated in a vertical direction (layer thickness
direction). It reduces electric field concentration and im-
proves voltage endurance against application of a re-
verse voltage. A distance in the vertical direction (layer
thickness direction) between the pn junction and the bot-
tom of the trench can be easily controlled by changing a
depth (etching depth in step C3) of the bottom of the
trench 304 with respect to the upper face of the n-type
region 302B. Desired effect of improved voltage endur-
ance can be easily achieved.

FIFTH EMBODIMENT
[0107] Next, a semiconductor device and a method of
manufacturing a semiconductor device according to a

fifth embodiment will be described.

MANUFACTURE METHOD

[0108] The semiconductor device is manufactured as
follows.

STEP D1

[0109] First, as shown in FIG. 24, n-type semiconduc-



15 EP 3 961 724 A1 16

tor layers 402A, 402B are formed on an upper face of an
n-type semiconductor layer 402 layered on a semicon-
ductor substrate 401 shown in FIG. 23. That is, a region
to be a pn junction is selected, and crystals of the n-type
semiconductor layer 402B are grown by epitaxial growth.
At the same time, a region to be a Schottky junction is
selected, and crystals of the n-type semiconductor layer
402A are grown by epitaxial growth. The semiconductor
substrate 401 is n-type and has a higher concentration.
The n-type semiconductor layer 402 has a lower concen-
tration.

STEP D2

[0110] In the same manner of selective epitaxial
growth, as shown in FIG. 25, an upper face of the n-type
semiconductor layer 402B is selected, and crystals of a
p-type semiconductor layer 403 are grown (pn junction
forming step) .

[0111] Steps D1 to D2 constitute a trench forming step
of forming a trench 404. A height of the n-type semicon-
ductor layer 402A may be adjusted to match a height of
the p-type semiconductor layer 403 by layering an n-type
semiconductor layer also on an upper face of the n-type
semiconductor layer 402A by epitaxial growth.

[0112] The n-type semiconductor layer 402A which is
a convex between the trenches 404, 404 is a portion on
which a Schottky junction is formed.

[0113] A lateral side S1 of the p-type semiconductor
layer 403 is an upper part of another lateral side (pn junc-
tion side) of the trench 404. A lateral side S2 of the n-
type semiconductor layer 402B forming a pn junction with
a lower face of the p-type semiconductor layer 403 is a
lower part of the other lateral side (pn junction side) of
the trench 404. A lateral side S3 of the n-type semicon-
ductor layer 402A is one lateral side (Schottky junction
side) of the trench 404.

STEP D3

[0114] Next, as shown in FIG. 26, an insulating film
405 is formed by depositing an insulating material on an
entire upper surface by a chemical vapor deposition
method or the like.

STEP D4

[0115] Next, the insulating film 405 is etched by known
selective etching as shown in FIG. 27. The upper face of
the n-type semiconductor layer 402A and an upper face
of the p-type semiconductor layer 403 are opened and
exposed.

STEP D5
[0116] Next,asshowninFIG.28,ametal 406 is formed

on the upper face of the n-type semiconductor layer
402A. The upper face of the n-type semiconductor layer
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402A and the metal 406 form a Schottky junction. Thus,
a Schottky junction forming step of forming the Schottky
junction on the upper face of the portion (402A) which is
the n-type region forming one lateral side S3 of the trench
404 is performed.

[0117] As shown in FIG. 28, a metal 407 is formed on
the upper face of the p-type semiconductor layer 403.
The upper face of the p-type semiconductor layer 403
and the metal 407 form an ohmic contact.

[0118] Formation of the Schottky junction and forma-
tion of the ohmic contact can be performed regardless
of order.

[0119] Materials of the metals 406, 407 may be differ-
ent or the same. The metals 406, 407 of the same ma-
terials may be formed at once.

STEP D6

[0120] Next, as shown in FIG. 29, an anode electrode
metal 408 connected to the metals 406, 407 is formed.
Polysilicon may be embedded in the trench 404 before
the anode electrode metal 408 is formed.

STEP D7

[0121] Onthe other hand, as shownin FIG. 30, a cath-
ode electrode metal 409 is formed on a lower face of the
semiconductor substrate 401.

[0122] The method of manufacturing the semiconduc-
tor device described above achieves the following ad-
vantageous effects.

[0123] The pn junction can be formed by growing crys-
tals of the p-type semiconductor layer 403 by epitaxial
growth. Even in a case where a semiconductor material
(such as GaN and SiC) for which the ion implantation
technique has not been sufficiently established is select-
ed, itis easy to form the p-type semiconductor layer 403
accurately in a desired range.

[0124] A concentration of p-type impurities during epi-
taxial growth is controlled such that the concentration of
p-type impurities in the p-type semiconductor layer 403
is large and the layer is thin. It shortens process time and
reduces manufacture cost.

[0125] Since etchingis not performed for the semicon-
ductor layers 402, 402A, 402B, 403, less damage re-
mains atinterfaces with the insulating film 405. It prevents
leakage.

SEMICONDUCTOR DEVICE

[0126] For example, as shown in FIG. 30, a semicon-
ductor device 400 that can be manufactured by the above
manufacturing method includes the semiconductor sub-
strate 401, the n-type semiconductor layers 402, 402A,
402B, the p-type semiconductor layer 403, the trench
404, the insulating film 405, the metal 406 forming the
Schottky junction, the metal 407 forming the ohmic con-
tact, the anode electrode metal 408, and the cathode
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electrode metal 409.

[0127] The semiconductor device 400 is a diode in
which the Schottky junction between the upper face of
the n-type region 402A and the metal 406 and the pn
junction between the n-type region 402B and the p-type
semiconductor layer 403 are arranged in parallel be-
tween the anode electrode metal 408 and the cathode
electrode metal 409. It is also called an MPS (Merged
PiN Schottky) diode.

[0128] The semiconductor device 400 has a structure
in which:

the trenches 404 are formed on the upper face of
the n-type semiconductor layers 402, 402A, 402B
layered on the semiconductor substrate 401;

the Schottky junction is formed on the upper face of
the n-type region 402A forming the one lateral side
S3 of the trench 404; and

the pn junction is formed on the upper face of the n-
type semiconductor layer 402B forming the other lat-
eral side S2 of the trench 404.

[0129] The n-type semiconductor layers 402, 402A,
402B include the n-type semiconductor layers 402A,
402B in an upper part. Crystals of the n-type semicon-
ductorlayers 402A, 402B are grown by selective epitaxial
growth.

[0130] The n-type semiconductor layers 402A, 402B
related to the selective epitaxial growth form:

the n-type region forming the one lateral side S3; and
the n-type region forming the other lateral side S2.
[0131] The pn junction is a junction between:
the p-type semiconductor layer 403 having crystals
grown by epitaxial growth on the upper face of the
n-type semiconductor layer 402B forming the other

lateral side S2; and
the n-type semiconductor layer 402B.

[0132] The pn junction formed on the upper face of the
n-type semiconductor layer 402B is located at the same
height as the Schottky junction formed on the upper face
of the n-type semiconductor layer 402A.

[0133] Regarding the semiconductor material, materi-
als of the n-type semiconductor layers 402, 402A, 402B
and the p-type semiconductor layer 403 include GaN.
[0134] Alternatively, materials of the n-type semicon-
ductor layers 402, 402A, 402B and the p-type semicon-
ductor layer 403 include one of SiC, diamond, Ga203,
and AIN.

[0135] The semiconductor device 400 described
above achieves the following advantageous effects.
[0136] Since an electric field is concentrated on the
insulating film 405 at a bottom of the trench 404 when a
reverse voltage is applied, voltage endurance is high.
[0137] Since holes are injected from the p-type semi-
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conductor layer 403, resistance is low at the time of for-
ward bias.

[0138] Since the p-type semiconductor layer 403 re-
duces a reverse leakage current, loss is smaller.

[0139] The pn junction between the p-type semicon-
ductor layer 403 and the n-type region 402B is located
above a bottom of the trench 404. The pn junction and
the bottom of the trench (insulating film 405) are portions
on which an electric field is concentrated when a reverse
voltage is applied. A distance between the pn junction
and the bottom of the trench increases by an amount
they are separated in a vertical direction (layer thickness
direction). It reduces electric field concentration and im-
proves voltage endurance against application of a re-
verse voltage. A distance in the vertical direction (layer
thickness direction) between the pn junction and the bot-
tom of the trench can be easily controlled by changing a
depth (stacking height in step D1) of the bottom of the
trench 404 with respect to the upper face of the n-type
region 402B. Desired effect of improved voltage endur-
ance can be easily achieved.

OTHER EMBODIMENTS AND COMPARISON OF
CHARACTERISTICS

[0140] In the above first to fifth embodiments, a total
area of the Schottky junction does not have to be the
same as a total area of the pn junction (SBD rate 50%
and PN rate 50%). A ratio of a total area of the Schottky
junction to a total area of the pn junction can be set at
any value.

[0141] AsshowninFIG.31orFIG.32,asemiconductor
device in which a total area of the Schottky junction is
larger than a total area of the pn junction can be realized.
Decrease in current density in a voltage range lower than
an ON voltage of a PN diode can be suppressed by mak-
ing a total area of the Schottky junction larger than a total
area of the pn junction.

[0142] FIGS. 33 to 34 show voltage-current character-
istics of:

an MPS having the trenches described above; and
a Schottky barrier diode (hereinafter referred to as
"SBD") having trenches.

[0143] FIG. 33 is a graph showing change in a forward
current density with respect to a forward voltage. FIG. 34
is a graph showing change in a reverse current with re-
spect to a reverse voltage. The models compared are
MPS1 and SBD1. MPS1 is an MPS with trenches and is
a device having an SBD rate of 50% and a PN rate of
50%. SBD1 is the same as MPS1 except that it has an
SBD rate of 100% and a PN rate of 0%. SBD1 has trench-
es similar to those of MPS1.

[0144] As shown in FIG. 33, SBD1 turns on at about
1V. The current changes linearly with respect to the volt-
age. In MPS1, a PN diode turns on at 3-4V. Further volt-
ageriseis suppressed. This is because holes are injected
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from a p-type semiconductor layer (103A, 203, 303, 403),
and resistance is significantly reduced. Therefore, a
surge tolerance of MPS1 is larger than that of SBD1. As
shown in FIG. 33, according to MPS1, a current density

202A
202B
202D
203
204
205
206
207
208
209
300
301
302
302A
302B
302C
303
304
305
306
307
308
309
400
401
402
402A
402B
403
404
405
406
407
408
409
S1
S2
S3
S4

Claims

1. A semiconductor device, comprising:
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is lower than that of SBD1 in a voltage range 500 whichis: 5
equal to or higher than the ON voltage of SBD; and
lower than the ON voltage of the PN diode.

[0145] This is because the PN diode occupies a part 10

of the area and the PN diode is not turned on yet. There-

fore, increasing an SBD rate increases a current density

in the voltage range 500 (closer to the graph of SBD1).

[0146] Asdescribedabove, a total area of the Schottky

junction is made larger than a total area of the pn junction. 75

Thereby, decrease in current density can be suppressed

in a voltage range lower than the ON voltage of the PN

diode.

[0147] On the other hand, as shown in FIG. 34, endur-

ance of MPS1 is higher than that of SBD1. This is be- 20

cause an SBD ratio having a large reverse leakage cur-

rent is reduced by providing a pn junction of a p-type
semiconductor layer (103A, 203, 303, 403). The reverse
leakage current is reduced. Therefore, loss is smaller in

MPS1. 25

[0148] Embodiments of the present disclosure are de-

scribed above. Embodiments are shown as examples,

and various modifications are possible. The components

can be omitted, replaced or changed within the scope of

the claims of the disclosure. 30

INDUSTRIAL APPLICABILITY

[0149] The present disclosure can be used in a semi-

conductor device and a method of manufacturing asem- 35

iconductor device.

REFERENCE SIGNS LIST

[0150] 40

100  semiconductor device

101 semiconductor substrate

102 n-type semiconductor layer 45

102A  n-type region

102B  n-type region

103 p-type semiconductor layer

103A  p-type semiconductor layer

104 trench 50

105 insulating film

106 metal

107 metal

108 anode electrode metal

109 cathode electrode metal 55

200 semiconductor device

201 semiconductor substrate

202 n-type semiconductor layer

1"

a trench on an upper face of an n-type semicon-
ductor layer layered on a semiconductor sub-
strate;

a Schottky junction on an upper face of an n-
type region located on a side of one lateral side
of the trench; and

a pn junction on an upper face of an n-type re-
gion located on a side of another lateral side of
the trench,

wherein the pn junction is a junction between:

a p-type semiconductor layer having crys-
tals grown by epitaxial growth on the upper
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face of the n-type region located on the side
of the other lateral side; and
the n-type region.

The semiconductor device according to claim 1,
wherein the pn junction is located above a bottom of
the trench.

The semiconductor device according to claim 1,
wherein the pn junction is located at the same height
as the Schottky junction.

The semiconductor device according to claim 1,
wherein the Schottky junction is located at the same
height as an upper face of the p-type semiconductor
layer.

The semiconductor device according to any one of
claims 1 to 4, wherein

the n-type semiconductor layer includes an n-
type semiconductor layer obtained by growing
crystals by selective epitaxial growth in an upper
part, and

the n-type semiconductor layer obtained by the
selective epitaxial growth forms:

the n-type region forming the one lateral
side; and

the n-type region forming the other lateral
side.

The semiconductor device according to any one of
claims 1 to 5, wherein a total area of the Schottky
junction is larger than a total area of the pn junction.

The semiconductor device according to any one of
claims 1 to 6, wherein the n-type semiconductor layer
and the p-type semiconductor layer contain GaN.

The semiconductor device according to any one of
claims 1 to 6, wherein the n-type semiconductor layer
and the p-type semiconductor layer contain one of
SiC, diamond, Ga203, and AIN.

A method of manufacturing a semiconductor device,
comprising:

a trench forming step of forming a trench on an
upper face of an n-type semiconductorlayer lay-
ered on a semiconductor substrate;

a Schottky junction forming step of forming a
Schottky junction on an upper face of a portion
whichis an n-type region forming one lateral side
of the trench; and

a pn junction forming step of forming a pn junc-
tion on an upper face of a portion which is an n-
type region forming another lateral side of the
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trench,

wherein, in the pn junction forming step, crystals
of a p-type semiconductor layer are grown by
epitaxial growth on the upper face of the portion
which is the n-type region forming the other lat-
eral side.

The method of manufacturing the semiconductor de-
vice according to claim 9, wherein, in the pn junction
forming step:

the crystals of the p-type semiconductor layer
are grown by the epitaxial growth at regions in-
cluding a region to be the trench, a region to be
the Schottky junction, and a region to be the pn
junction; and

then, the p-type semiconductor layer is removed
at the region to be the trench and the region to
be the Schottky junction.

The method of manufacturing the semiconductor de-
vice according to claim 9, wherein, in the pn junction
forming step, aregion to be the pn junction is select-
ed, and the crystals of the p-type semiconductor lay-
er are grown by the epitaxial growth.

The method of manufacturing the semiconductor de-
vice according to claim 9, wherein, in the pn junction
forming step:

a recess is formed by:

selecting a region to be the pn junction on
the upper face of the n-type semiconductor
layer; and

digging the region by etching; and

then, the recess is selected and the crystals of
the p-type semiconductor layer are grown by the
epitaxial growth.

The method of manufacturing the semiconductor de-
vice according to claim 9, wherein, in the trench form-
ing step;

aregion to be the Schottky junction is selected,
and crystals of the n-type semiconductor layer
are grown by the epitaxial growth; and

then, a region to be the trench is dug by etching.

The method of manufacturing the semiconductor de-
vice according to claim 9, wherein, in the trench form-
ing step, a region to be the pn junction and a region
tobe the Schottky junction are selected, and crystals
of the n-type semiconductor layer are grown by the
epitaxial growth.



EP 3 961 724 A1

FIG.1

71103
</102
//101
FIG.2 1034 1034
/ _S1 Sl ot
\L—102
71 —101
FIG.3 1/03A o . 1/03,4
777N 5283 WA g3 07
102B — 104 104 1—102B
<,/102

|- 101

13



EP 3 961 724 A1

FIG.4

1034 ST ST 1034
§ / %4\ 1024 83 $2\F55) 105
102B-N1 YN élﬂ" 1028
\|L—102
101
S1
FIG.5 GO 105 1034
105 45283 1024 S352(T777A) 105
102B -5 104 ~y 04 <1028
1—102
//101
FIG.6 1034 1 195 105811071034
105 / S31 \
~ / 525; \102A7S‘3S2 =105
102B-N 104 104 | 102B
102

|- 101

14



EP 3 961 724 A1

FIG.7

05, 106 105 08
107 104 1924104
ol

105 Rl s Q 3 / 105
102B ~ \ \/ K%Pl// (/K / | A-102B

Yo AN >

S

N

102

101

FIG.8

1
. 106 105
1034

104 108
104 1024 S1
107 sz/s* /33/ s3 Sz\\ 1071034 /

1023\4 1 L 102B
BiR L <R

</102

1101

4109

15



FIG.9

EP 3 961 724 A1

202D 202D
202
71 —201
FIG.10 03 03
7 %
</202
1201
F I G’ I 1 303 o 2/02A g 2/03
R NN
202B —| 204 204 ~1—202B
202

|- 201

16



EP 3 961 724 A1

FIG.12

203 S1 83 202A 5/’3 S1 2/03

# ész N S2 o 205
204 204
202B N / \ 2028
\|—202
1 —201

FIG.13 203 S1.53 202483 SI 203

2 2050
205 L2085 L 205

/ S2 S2 \ //
Ny 204
zosz\\ ‘3/04 i <<N-202B
//202
1201
T 7 . SI S3206... §3 SI207
s \203 /205\ \202,4/205\ \2/03
T2 O] 82 205
N 204
202BT§\ 1,2/04 ! \ /{TZOZB

202

| -201

17



EP 3 961 724 A1

FIG.15

0 205
\ 205 206

208
207 203 §1 / 204 /202A \SI 207 203
) sss Fs\s2\ 27 2/

5. 27 e/f = \«y‘e =}
2023\Z§ A : - {/2023

1202
1201
<1 —209
FIG.16
303 303

/ /

7 %/
302

| —-301

18



EP 3 961 724 A1

FIGol 7 3/03 302C 303

/ /
7 7
1302
301
FIG.18 3024
5;03 ST ¢ 3/02C/ < S 3/03
S2s3\7 1 /(83 82
302B —1> 304 304 _—302B
\|—302
"1 —301
3024
FIG.19 303 1S4 3020/ $4 81 393
L ($2 N\ T s\ T
/V S3 / S3 VN
302B N 304 304 N \-302B
302

301

19



EP 3 961 724 A1

FIG.20

oS4 3024
303 7 3p5\302C / 05\ 303
305 /82 & | szx L1305
N N/s3 SN TN
302B - 304 NST=1(304 N 3028
1—302
71 —301

FIG.21

306 3024 g 307

307 S1 84
S4
30 st o) Stgn, | 0

305 A btz §2 \ ezl
AN Q N 305
. N3N AN N
S 304 304 3028
[ b S y S~
302

| —-301

20



EP 3 961 724 A1

FIG.22

305 306

305
300 S2 302C¢ S2 307 308
307
s s sa a5
305 At j 7
3 s \ £ i 7 33253
02BN | <
3047 \\ "~ 304
302
| —301
// //309
/
3024
FIG.23
402
"1 —401

FIG.24 1028 4/02A 4/023

\/402

401

21



FIG.25

EP 3 961 724 A1

403 403
/ S SI //
$2 83 463 52
402B ~I\ 404 / 404 - 402B
402
L 401
FIG.26 w sl "
/ 15255 4024 s32 S 405
402B K= 404 S / §404 L4028
02
401
FIG.2
G.27 403 SI 40551 403
105 I 2405 \
O // éSZSj’ 4/02AS3S2 N / :/405
402B-1 4;04§ / “44l<4 \ 4028
402

401

22



EP 3 961 724 A1

FIG.28

4 4
T 1005, s Vg
4 7 7 2! (2
05\\ 7 S2s\3 \4/02/1@382 7 405
| bzl 404
1028 5/04 > : Lo02p
N 402
7401
407403 405S2406 s2%% 4 07 o3
4024 \
\ /S\I//S?\ 243\ \SL | 5 /
105 72 A

W 405

4028~ I AYV[ @V[/ BE // li/MB

= AN A NN

y

4047 ™ 404
402

401

23



EP 3 961 724 A1

FIG.30

400
\ 405 S2405 407 408
407403 / 406 4024 403
VoS /837 53\ | st 4
405 , %WW § , 405
8 N\
402B | e i/ 14028
f -
A= < LN <Y
40471 ~ 404
402
| _—-401
>,/409
FIG.31 100,400
104,404\, 1024,4024 104,404
107407\ 108,408 10c 106 | 107,407
A \ / "
10344031 = ) | 1034,403
105,405 A (/105,405
-1 \ |
102B,402—L AN AT 4 -102B,402B

1—102,402

101,401

109409

24



FIG.32

204,304

z0z307\

\ 2024,3024+C
\ 20«\8’,308

EP 3 961 724 A1

204,304
206,306 / 207,307

203,303 —

205,305 N7
202B,302B— {5

\ £

N

203,303

205,305

,,/ //
// N
<,€/'20213,.'302B

L—-202,302

1-201,301

~1-209,309

FIG.33

1.2E+04

1.OE+04

§.0E+03

J(Alem2)

4.0E

2.0E+03

0.0E+00
0

6.0E+03

~MPS1

+03

25



FIG.34

EP 3 961 724 A1

10

Cathode Current (A)
n

—_
(G ]
el

-13

Cathode Voltage (V)

26

0 200 400 600 800 1000



10

15

20

25

30

35

40

45

50

55

EP 3 961 724 A1

INTERNATIONAL SEARCH REPORT

International application No.

PCT/JP2020/017191

A.  CLASSIFICATION OF SUBJECT MATTER

HO1L 29/872(2006.01)1i; HO1lL 21/329(2006.01)1
FI: HO1L29/86 301F; HO01L29/86 301D; HO01L29/86 301P

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

H01L29/872; HO01L21/329

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Published examined utility model applications of Japan
Published unexamined utility model applications of Japan
Registered utility model specifications of Japan
Published registered utility model applications of Japan

1922-1996
1971-2020
1996-2020
1994-2020

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X JP 2009-218236 A (TOYOTA CENTRAL R&D LABS., INC., 1-6, 8, 9, 11
Y TOYOTA MOTOR CORP., DENSO CORP.) 24.09.2009 (2009- 7
A 09-24) paragraphs [0020]-[0051], fig. 1, 4, 9, 13 10, 12-14
Y Jp 2014-090056 A (HITACHI METALS, LTD.) 15.05.2014 7
A (2014-05-15) paragraph [0002] 1-6, 8-14

|:| Further documents are listed in the continuation of Box C.

N
See patent family annex.

* Special categories of cited documents:

“A”  document defining the general state of the art which is not considered
to be of particular relevance

“E’ earlier application or patent but published on or after the international
filing date

“L”  document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“Q”  document referring to an oral disclosure, use, exhibition or other means

“P”  document published prior to the international filing date but later than
the priority date claimed

“T”  later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X”  document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y”  document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&”  document member of the same patent family

Date of the actual completion of the international search

01 July 2020 (01.07.2020)

Date of mailing of the international search report

14 July 2020 (14.07.2020)

Name and mailing address of the ISA/
Japan Patent Office
3-4-3, Kasumigaseki, Chiyoda-ku,

Tokyo 100-8915, Japan

Authorized officer

Telephone No.

Form PCT/ISA/210 (second sheet) (January 2015)

27




10

15

20

25

30

35

40

45

50

55

EP 3 961 724 A1

INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No.

PCT/JP2020/017191

Patent Documents Publication Patent Family Publication
referred in the Date Date
Report
JP 2009-218236 A 24 Sep. 2009 Us 2009/0224353 Al

paragraphs [0027]-

[0061], fig. 1, 4, 9,

13

DE 102009011450 Al
JP 2014-090056 A 15 May 2014 UsS 2014/0117376 Al

paragraph [0003]

Form PCT/ISA/210 (patent family annex) (January 2015)

28




EP 3 961 724 A1
REFERENCES CITED IN THE DESCRIPTION
This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

« JP H118399 A [0002]

29



	bibliography
	abstract
	description
	claims
	drawings
	search report
	cited references

